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INTRODUCTION 

The atomic i o d i n e  laser based o n   t h e   p h o t o d i s s o c i a t i o n  of a l k y l   i o d i d e   g a s e s  w a s  
among t h e  f i r s t  proposed fo r  d i r e c t  solar-to-laser ene rgy   conve r s ion   i n  space 
(ref. 1 ) . The f i r s t   s o l a r - s i m u l a t o r   d e m o n s t r a t i o n   b e i n g   a c h i e v e d  (ref. 2) , more 
a t t e n t i o n  is  now given  t o  sys t em  r equ i r emen t s   o f   chemica l   r eve r s ib i l i t y   and   l a san t  
r e p r o c e s s i n g   i n   s c a l i n g  t o  large space systems. Such a s c a l i n g   r e q u i r e s   a n   a d e q u a t e  
knowledge  of  the  chemical processes p r e s e n t   i n   t h e   g a s   d u r i n g  laser o p e r a t i o n  
( r e f .   3 ) .  The development  of a p re l imina ry   chemica l   k ine t i c   mode l  i s  p r e s e n t e d  
e l sewhere   w i th   l imi t ed  comparison t o  solar s imula to r   expe r imen t s   ( r e f .  4 ) .  

It w a s  shown i n  a p r e v i o u s  report ( r e f .  4 )  t h a t   t h e  laser o u t p u t   c o n s i s t s   o f  a 
t r a n s i e n t   p u l s e   r e g i o n   f o l l o w e d  by a cont inuous wave ( c w )  r e g i o n   i n   w h i c h   t h e  laser 
power o u t p u t  i s  p r o p o r t i o n a l  t o  t h e  power absorbed. A t  l a t e  times, t h e  cw r e g i o n  is  
te rmina ted  as a r e su l t   o f   quench ing  by the  iodine  molecule   which  formed  through 
th ree -body   co l l i s ion   o f  t w o  ground-s ta te   iod ine   a toms  wi th   an   a lkyl   iod ide   molecule .  
The I2 fo rma t ion   c r i t i ca l ly   depends   on   t he   r eac t ion  rates o f   t h e   a l k y l   i o d i d e  
recombination 

R + I + R I  

and  three-body  formation of I2 as 

where R d e n o t e s   t h e   a l k y l   r a d i c a l .  It  was de te rmined   ( re f .  4 )  t h a t  some of t h e  ra te  
c o n s t a n t s   f o r   t h e s e   r e a c t i o n s   i n   t h e   l i t e r a t u r e  a re  not   compat ib le   wi th   Langley  
experiments. 

I n   t h e   p r e s e n t  report, t h e   k i n e t i c   f a c t o r s   i n v o l v e d   i n   r e a c h i n g  laser t h r e s h o l d  
are  e x a m i n e d .   I n   p a r t i c u l a r ,   t h e   e f f e c t s   o f   g a s   d i f f u s i o n ,   h y p e r f i n e   s p l i t t i n g ,   a n d  
g a i n   l e n g t h   s c a l i n g  are t r e a t e d   i n   d e t a i l .  

SOLAR S IMULATOR 

The s o l a r - s i m u l a t o r   l i g h t   s o u r c e  is a n  arc  d i s c h a r g e   a c r o s s   a n  8-mm g a p   s t a b i -  
l i z e d  by a 1030-kPa (10.2-atm) X e  f l o w .  The l i g h t   o u t p u t  is  r e f l e c t e d  by a high- 
q u a l i t y  e l l i p t i c a l  reflector a n d   f o c u s e d   i n   t h e   c h o p p e r   p l a n e   a s  shown i n   f i g u r e  1 .  
The r e f l e c t o r   h a s  a vapor-deposited aluminum f r o n t   s u r f a c e   p r o t e c t e d  by a MgF2 coat- 
i n g  t o  p r e v e n t   s u r f a c e   o x i d a t i o n   a n d   a b r a s i o n .  !&e spectral  c o n t e n t  of t h e  arc  
plasma ou tpu t   co r re sponds   t o   b l ackbody   emis s ion  a t  6000 K a t  t h e   f o c u s  of t h e  e l l ip -  
t i c a l  r e f l e c t o r .  The d i v e r g e n t   l i g h t  beam l e a v i n g   t h e   f o c u s  is  c o l l e c t e d  by a 
7075 aluminum a l l o y  25O cone   w i th  a p o l i s h e d   i n t e r i o r   s u r f a c e   a n d  MgF2 coat ing.  me 
l i g h t  beam is again  focused  on  the  cone  axis ,   which is a l i g n e d   w i t h   t h e  opt ical  a x i s  
of the  system. Three d i f f e r e n t   c o n e   s i z e s  were used t o  g a i n  s c a l i n g   i n f o r m a t i o n  fo r  
model   tes t ing.  
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Figure 1 .- Setup  for   solar-s imulator-pumped laser experiment. 

The photon   f lux   on  the wavelength   in te rva l   be tween A and A + d h  e m i t t e d  by a 
blackbody  rad ia tor  a t  a temperature  T is 

2 m  d h  

h 
= 4 exp(hc/UtT) - 1 

where c i s  t h e   v e l o c i t y   o f   l i g h t ,  h i s  P lanck ' s   cons t an t ,  and k i s  Boltzmann's 
cons tan t .  The exponent ia l   argument  i s  given as 

"- hc  1.44 
khT - hT 

f o r  h i n   c e n t i m e t e r s   a n d  T i n   k e l v i n .  The l i g h t  i s  r e f l e c t e d   f r o m   t h e   c o n i c  
c o l l e c t o r   w i t h  a r e f l e c t a n c e  R h  a t  each   wavelength   before   reaching   the  opt ical  
ax i s .  The l i g h t   i n t e n s i t y  a t  t h e   o p t i c a l   a x i s  i s  related t o   t h e  geometry  of  the arc 
p la sma   and   t he   r e f l ec to r   and  collector su r faces ,   deno ted  by t h e   f u n c t i o n  M ( r , R ) ,  a s  

1 (r,R) d h  = M ( r , R )  R E @ ( A )  dh 
h h h  (3 1 

where E i s  the   photon   energy .  
h 

me l i g h t   i n t e n s i t y  is  measured by a calorimeter and   r ep resen ted  by 

C ( r , R )  = CA exp -2.77 - + - [ (:: $1 
2 



where CA is  t h e   p e a k   i n t e n s i t y   o f   t h e  arc image, L is t h e   f u l l   l e n g t h  a t  h a l f  
maximum l i g h t   i n t e n s i t y   a l o n g   t h e   t u b e   a x i s ,  R i s  t h e   f u l l   w i d t h  a t  h a l f  maximum 
l i g h t   i n t e n s i t y   t r a n s v e r s e  t o  t h e   t u b e   a x i s ,  R is  t h e   d i s t a n c e   a l o n g   t h e   t u b e   a x i s ,  
and r is t h e   d i s t a n c e  from t h e   t u b e   a x i s .  The s i z e  of t h e  arc  image  depends  on  the 
s i z e  of the   cone  collector and i t s  d is tance   f rom  the   focus .  It i s  clear t h a t  

which al lms M ( r , R )  t o  
energy is  i n   t h e   v i s i b l e  
w r i t t e n   w i t h   t h e   h e l p  of 

be de termined   f rom  the  calorimeter da ta .   S ince   mos t   o f   the  
region  where R h  is  nea r ly   cons t an t ,   equa t ion  ( 5 )  may be 
e q u a t i o n  ( 4 )  as 

where R h  i s  r e p l a c e d  by t h e   c o n s t a n t  R V i S ,  s i n c e   m a i n l y   v i s i b l e   r a d i a t i o n   c o n t r i b -  
u tes   to   the   ca lor imeter   measurements .   Express ing   the   numera tor   and   denominator   in  
u n i t s  of t h e   s o l a r   c o n s t a n t   y i e l d s  

C 0 exp [-2.77(I2/L2 + r2/R2)] 
M ( r , R )  = ~ _" "___ 

R 
v i  s 

where i t  is  f o u n d   f r o m   t h e   c a l o r i m e t e r   d a t a   t h a t  

- 2.72 X l o 4  
co - 2 

( 1  + 0.375m) 

L =  ( 4  + 1.5m)(m + 5) 
8 

R =  2.192 + 0.824111 
5 + m  

and m is a p a r a m e t e r   a s s o c i a t e d   w i t h   t h e  scale of t h e   t h r e e  collector cones   wi th  
d i f f e r e n t   a p e r t u r e s .  (See table I. 1 

3 



TABLE I.- SCALE PARWTERS FOR  COLLECTOR CONES 

Aperture 
diameter ,  

3.27  19  288 0.5 7.0 9.6 

c m  
CO m 

Distance  from L, 
focus, c m  solar  c o n s t a n t s  c m  

16.6 6.1 3 8 881 2.0 15.2 
23.6 7.27 7 245 2.5 24.5 

~~ . .. 

R ,  
mm 

~~ 

4.73 
5.49 
5.67 

A comparison  between  measurements   of   intensi ty   a long  the opt ical  a x i s   a n d   t h e  
model   funct ion of e q u a t i o n   ( 4 )   i n   u n i t s   o f   t h e   s o l a r   c o n s t a n t  i s  shown i n   f i g u r e  2. 
Measurements i n   t h e   r a d i a l   d i r e c t i o n   f o r   t h e   c o n e   w i t h   a n   a p e r t u r e   d i a m e t e r   o f  
16.6 c m  a t  a l o c a t i o n  3 c m  a l o n g   t h e   o p t i c a l   a x i s   f r o m   t h e   p e a k   i n t e n s i t y  are  shown 
i n   f i g u r e  3 i n  comparison  with a theo re t i ca l   cu rve   based   on   equa t ion   (4 ) .  

Distance, cm 

Figure 2.- I l l umina t ion   on   ax i s   o f  laser tube  as a f u n c t i o n   o f   d i s t a n c e  
behind  cone  face.   Curve i s  based  on  equat ion  (4)   and table  I. Dots 
are experimental  measurements of Apri l  13,  1981 ( a p e r t u r e   w i t h  9.6-cm 
d iame te r ) .   T r i ang le s  are  experimental   measurements  of  July 30, 1981 
( a p e r t u r e   w i t h  16.6-cm diameter ) .   Squares  are  experimental  measurements 
of  March 25,  1981 ( a p e r t u r e   w i t h  23.6-cm diameter ) .  

4 



-1 0 

r, c m  

Figure  3 . -  I l l u m i n a t i o n  as a func t ion   o f   d i s t ance   f rom  cone   ax i s  
( 1  6.6-cm-diameter  aperture).   Curve i s  based  on  equation ( 4 )  
and table  I. Dots are experimental   measurements  of  July 30, 1981. 

Although  the lamp i n t e n s i t y  i s  p r e s e n t e d  as a s t a t i c  q u a n t i t y ,   t h e r e  a re ,  i n  
f a c t ,  a number o f   p o o r l y   u n d e r s t o o d   f a c t o r s   t h a t   a f f e c t   t h e   i l l u m i n a t i o n   o f   t h e   c e n -  
t r a l  reg ion   of   the  collector cone.  Because  the lamp e l e c t r o d e s  are  mechanical ly   held 
i n   p l a c e ,  s l o w  e r o s i o n  w i l l  widen  the  gap  and  cause a less l o c a l i z e d  arc. The 
i n s t a l l a t i o n   o f  new lamps w i l l  n o t  restore the  machine t o  i t s  i n i t i a l   o p e r a t i o n  
because  of lamp d i f f e r e n c e s .   I n   a d d i t i o n ,   t h e r e  are unknown fac tors   caus ing   day- to-  
day   va r i a t ions   i n   t he   measu red   i l l umina t ion .   As ide   f rom  these   l ong- t e rm  va r i a t ions ,  
t h e r e  are  small t e m p o r a l   f l u c t u a t i o n s   i n   t h e  a r c  plasma w h i c h   c a u s e   l a r g e   s p a t i a l  
movements i n   t h e  a rc  image   because   o f   t he   l a rge   magn i f i ca t ion   f ac to r s .   Th i s   p roduces  
some d i f f i c u l t y   i n   i n t e r p r e t a t i o n   o f   t h e  laser expe r imen t s ,   s ince   t he   i n s t an taneous  
pump power i s  g e n e r a l l y  less t h a n  i t s  maximum. Only  by c o n s i d e r i n g  many exper imenta l  
r u n s   c a n   t h e   i d e a l   e x p e r i m e n t a l   r e s u l t   ( t h a t  i s ,  r e s u l t   c o r r e s p o n d i n g  t o  maximum  pump 
power) be i d e n t i f i e d .  

The l i g h t  i s  r e f l e c t e d  by t h e   c o n i c   c o l l e c t o r   a n d   c o n c e n t r a t e d   o n   t h e   c o n e   a x i s  
w i t h   i n t e n s i t y   g i v e n  by e q u a t i o n  ( 3 ) .  The laser tube  is c e n t e r e d   o n   t h e   c o n e   a x i s  
f o r  w h i c h   t h e   p e a k   l i g h t   i n t e n s i t y  crosses t h e   t u b e  w a l l  a t  an   anqle   o f  46O b e f o r e  
r e a c h i n g   t h e   l a s a n t   g a s .   ( S e e   f i g .  4.) The r e f l e c t i o n  loss a t  t h e   t u b e   i n t e r f a c e s  
is  R 3 0.08, and   t he   t r ansmiss ion   t h rough   t he  I-mm q u a r t z   t u b e  i s  n e a r   u n i t y .  The 
a t t e n u a t i o n  of t h e   l i g h t   i n   p a s s i n g   t h r o u g h   t h e   f i l l i n g   g a s  t o  t h e  laser tube   cen te r -  
l i n e  is  

t 

G2 ( x )  = exp[-n o ( h )  x] Rt M ( O , R )  Rh @ ( h )  d h  
h (1 1 )  

5 



I~ 
laser  tub-e 

Figure 4.- T y p i c a l   l i g h t   r a y   r e f l e c t e d   i n t o  laser tube. 

i s  the   spec i f i c   pho toabso rp t ion   c ros s   s ec t ion   w i th   peak  cross s e c t i o n  ao, l i n e   c e n -  
t e r  A,, a n d   l i n e   w i d t h  6, g i v e n   i n  table  I1 accord ing  t o  r e f e r e n c e s  5 t o  7. of 
t h e   p h o t o n s   a b s o r b e d   i n   t h e  spectral  r eg ion   o f   equa t ion  (1  2 ) ,   t he   abso rb ing   mo lecu le s  
a re  fragmented t o   y i e l d   a t o m i c   i o d i n e .  The t w o  a l k y l   i o d i d e s   a n d   p h o t o d i s s o c i a t e  
i n t o   f r a c t i o n s  @I* of   metas tab le   iod ine   wi th   va lues   o f   100   percent   and  51 p e r c e n t ,  
r e spec t ive ly .   (See   t ab l e  11. ) 

TABLE 11.- PHOTOABSORPTION  PARAMETERS  USED  FOR THE EQUIVALENT  POWER  OF 
ONE SOLAR  CONSTANT  EXPOSURE, 1.4 kW/rn2 

Parameter 

a . cm2 ........ 
0 

h . nm ......... 
0 

?j0, nm ......... 
al* ............ 
S,  sec-1 ....... 
Rho/Rvis ....... 
f .............. 

n-C3F71 
( r e f .   5 )  

~~~ 

7.9 X 10-19 

272 

12.7 

1.0 

3.04 X 10-3 

0.8 

0.652 

i-C3F71 
( ref .  6 )  

" 

6.2 X 10-19 

275 

14.5 

1.0 

3.37 X 10-3 

0.8 

0.653 

I 2  

9.14 X 10-19 

( r e f .   7 )  

499 

23.0 

0.51 

3.38 X 

1 .o 

0.673 

6 



The rate a t  which I* is formed i n   t h e  laser t u b e  i s  

which i s  evaluated  through  approximation 
y i e   I d s  

c ( r , R )  = 26 @ no R R M ( r , R )  
0 I* 0 t ho 

( 1  3 )  

with  Gauss-Hermite  quadrature (ref. 8) and 

( 1 . 1 8  @ ( A o )  exp(-noox) 

+ 2.95[@(h + 2.456 ) + @(A - 2.456 ) ]  exp(-0.223no x ) }  
0 0 0 0 0 

Equation ( 1  4 )  may  now be s i m p l i f i e d  as 

R R  
ho S ( r , R )  = ~ Sn[f   exp(-no  x)  + ( 1  - f )  exp(-0.223no x ) ]  C ( r , R )  R 

v i  s 0 0 

(1 4) 

( 1  5 )  

where S (maximum p h o t o d i s s o c i a t i o n  r a t e )  and f ( f r a c t i o n a l   a b s o r p t i o n   n e a r   l i n e  
c e n t e r )  are g i v e n   i n   t a b l e  11. The use fu lness   o f   t he  Hermite quadra ture  i s  demon- 
s t r a t e d   i n   f i g u r e  5 where  equat ion ( 1  5)  i s  compared wi th   an   accu ra t e   numer i ca l   eva lu -  
a t i o n   o f   e q u a t i o n  ( 1  3 )  and   t he   u sua l   exponen t i a l   app rox ima t ion .  

ENERGY LEVELS AND REACTION PRODUCTS 

There a re  s e v e r a l   c h e m i c a , l / p h y s i c a l   p r o c e s s e s   i m p o r t a n t   t o   t h e   f o r m a t i o n   a n d  
loss o f   exc i t ed   i od ine .  Several requirements  must be m e t  i n   o r d e r   t h a t   s p e c i f i c  
r e a c t i o n s  may occur.  The f i r s t   s u c h   r e q u i r e m e n t  is t h a t   t h e   c h a n g e   i n   i n t e r n a l  
energy be less t h a n   o r   o n   t h e   o r d e r   o f   t h e   a v e r a g e   t h e r m a l  energy. 

7 



no x 
0 

Figure  5.- Relative a t t e n u a t i o n  of l i g h t  as a f u n c t i o n  of p e n e t r a t i o n  
i n t o   l a s a n t   g a s  (n-C3F71)- 

Molecular  Fragmentation 

The approximate bond  energ ies  of t h e   a l k y l  iod ide  c o n s t i t u e n t s  are g i v e n   i n  
table  111. These e n e r g i e s  are mean molecular va lues  compiled by Huheey (ref. 9 ) .  

TABLE 111.- SINGLE- AND DOUBLE-BOND  ENERGIES AND DISTANCES 
OF ALKYL I O D I D E  CONSTITUENTS 

[From ref.  91 

Bond 

c-c 

C -< 

F-F 

1-1 

C-F 

c-I 

I-F 

. . ~- 

Bond energy I 

DO I eV 
. .  - 

3.58 

6.24 

1.60 

1.54 

5.03 

2.21 

2.88 

Bond d i s t a n c e  
r l  p m  

154 

134 

142 

267 

135 

21  4 

191 

8 



F i r s t   c o n s i d e r   t h e  ways i n  which   the  basic CF3CF2CF21 molecule   could  f ragment   and  the 
co r re spond ing   en tha lp i e s  as  shown i n  table IV.  The fragments are ordered   accord ing  

TABLE I V .  - CF3CF2CF21 FRAGMENTATION  PRODUCTS AND 
CORRESPONDING 1 

Reac t ion   p roduc t  

CF4 + C F ~ C F I  

C2F4 + C F ~ I  

CF2CFCF3 + I F  

.CF  CF  CF + I 
2 2 3  

*CF + *CF  CF I 
3 2 2  

C F  CF  CF I + F 
2 2 2  

CF2CFCF2I + F2 

3NTHALPIES 

AH , eV/mol 

0.92 

.92 

1 e 7 0  

2.21 

3.58 

5.03 

5.80 

t o  i n c r e a s i n g   e n t h a l p i e s  so  tha t   t he   mos t   l i ke ly   f r agmen t s   appea r  a t  t h e   t o p   o f   t h e  
table. It i s  clear t h a t  none  of   these  products   should be p r e s e n t   d u r i n g   o r d i n a r y  
room temperature   chemical  processes, al though  photofragmentat ion or o t h e r   e n e r g e t i c  
processes cou ld   po ten t i a l ly   fo rm some o f   t he   l i s t ed   f r agmen t s .   The re  are  no  absorp- 
t i o n   b a n d s   i n   t h e   v i s i b l e   r e g i o n   ( r e f .  1 0 )  which  could  give r ise t o   t h e   p r o d u c t s  
l i s t e d .  Thus,   they  could  be  direct ly   formed  only a t  pump rates w i t h   h e a t  release 
s u f f i c i e n t   f o r   p y r o l y t i c   d e c o m p o s i t i o n .  Many of   these  f ragments   have  been  observed 
i n   p y r o l y s i s   s t u d i e s   ( r e f .  1 1 ) .  It  i s  a n t i c i p a t e d   t h a t   p y r o l y s i s  w i l l  no t   be  
i m p o r t a n t   i n   t h e   p r e s e n t   s t u d y ,   s i n c e   r e l a t i v e l y  small ene rgy   depos i t s  a re  s u f f i c i e n t  
t o  exc i te  the   gas   t o   t h re sho ld .   Pho to f ragmen ta t ion  w i l l ,  of  course, be of  major 
importance. 

Pho tod i s soc ia t ion   P roduc t s  

The l o w e s t   o r d e r   p h o t o d i s s o c i a t i o n   p r o c e s s   i n   t h e   p e r f l u o r o a l k y l   i o d i d e s   c o r r e -  
sponds t o  t h e   e l e c t r o n i c   e x c i t a t i o n   o f  a nonbonding   e lec t ron   of   the   iod ine  t o  a n  
an t ibonding  ( E*) o r b i t a l   ( r e f .  I O ) .  A similar t r a n s i t i o n   o c c u r s   i n   t h e   f l u o r i n e   b u t  
o n l y   f o r   h a r d   u l t r a v i o l e t  (UV)  photons.  The po ten t i a l   ene rgy   cu rves   a long   t he  C-I  
bond d i r e c t i o n  are shown i n   f i g u r e  6. The curves  were drawn  us ing   the  Morse f u n c t i o n  
f o r   t h e   g r o u n d - s t a t e   p o t e n t i a l   w i t h   t h e   s p r i n g   c o n s t a n t   a c c o r d i n g  t o  Badger 's  rela- 
t i o n   ( r e f .  1 2 ) .  The r e p u l s i v e   a n t i b o n d i n g   p o t e n t i a l  i s  approximated  by 

v ( r )  = E* + D + A e x p [ - a ( r  - rc)l  
71. 0 
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2 
>- 

r, nm 

Figure 6.- P o t e n t i a l   a l o n g  R - I  bond d i r e c t i o n .  

where E* = 0.94 e V  is  t h e  I (  p1/2) e x c i t a t i o n   e n e r g y ;  Do i s  t h e  (2-1 bond energy; 
r is t h e  C-I  s epa ra t ion ;   and   t he   pa rame te r s  A ,  a, and r are   de te rmined   f rom  the  
p h o t o d i s s o c i a t i o n  parameters ho and i n   t a b l e  11. The p h o t o d i s s o c i a t i o n  i s  
p redominan t ly   i n to   t he   i od ine   me tas t ab le  s ta te  ( I * )  ( ref .  13) 

2 

C 

& O  

R I  + hv + R + I* 
0 

where vo i s  the   cen t ra l   f requency ,   and   the   po ten t ia l   energy   be tween  the   f ragments  
immedia t e ly   a f t e r   pho toabso rp t ion  i s  = I  .39 eV. The r e s u l t a n t   k i n e t i c   e n e r g i e s  of t h e  
R and I* fragments are 0.60 and 0.79 eV,  r e s p e c t i v e l y .  It i s  n o t   a n t i c i p a t e d   t h a t  
t h e   p h o t o d i s s o c i a t i o n  of I2 W i l l  e v e r   p l a y  a ma jo r   ro l e   i n   p roduc t ion   o f  I o r   I * ,  
s i n c e  I2 is  a ser ious   quenching   molecule   and   qu ick ly   ha l t s  laser ope ra t ion .   C lea r ly ,  
t h e   m a j o r   c o n s t i t u e n t s   i n   a d d i t i o n   t o   t h e   l a s a n t   g a s   t o   b e   f o u n d  a t  any time i n   t h e  
laser tube  w i l l  be   t he   pho to lys i s   p roduc t s   and   subsequen t   r eac t ion   p roduc t s .  The 
p o s s i b l e   r e a c t i o n s   o f   t h e   p h o t o l y s i s   p r o d u c t s  must now be  examined. 

Primary  Reactions 

The p o s s i b l e   r e a c t i o n s  of t he   l a san t   mo lecu le s   and   t he   pho tod i s soc ia t ion   p rod -  
u c t s  are  g i v e n   i n   t a b l e  V i n   t h e   o r d e r  of i n c r e a s i n g   e n t h a l p i e s .  The last two reac-  
t i o n s  of t a b l e  V are unimpor tan t   because   o f   the   l a rge   energy   input   requi red ,   and   the  

I *  + I* + 1 
2 

r e a c t i o n  is  omit ted  because  recombinat ion i s  a long  a h i g h l y   r e p u l s i v e   p o t e n t i a l   s u r -  
f ace .  The exc ip l ex   fo rma t ion  

I *  + R I  -+ RI* 
2 
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TABLE V.- PRINCIPAL  REACTIONS OF PHOTODISSOCIATION 
PRODUCTS AND CORRESPONDING  ENTHALPIES 

[R  = 

React ion 

R + R + - R 2  

I* + I* +- I2 

I* + I -f I2 

R + I + R I  

1 + 1 + 1 2  

R + R I + R 2 + 1  

R + I* +- R I  

I* + I 

R I  + R I  + R2 + 

R + R I  +- R 2  + I* 

I* + R I  + R I *  
2 

I + R I + R + 1 2  

I* + R I  + R + I2 

*C F I 
3 7  

AH, eV/mol 1 
-3.58 

-3.42 

-2.48 

. - 2 . 2 1  

-1.54 

-1 37 

- 1 . 2 7  

-. 94 

70 

-.43 

" 0 7  

- 6 7  

1 . 6 1  

is  c o n t a i n e d   i n   t h e   u s u a l   q u e n c h i n g   c o e f f i c i e n t   d i s c u s s e d   s u b s e q u e n t l y .  The remain- 
i n g   r e a c t i o n s  a re  a l l  exothermic ,   and   the i r   cor responding  rates are  mainly  l imited  by 
s ter ic  fac to r s   and   ac t iva t ion   t h re sho lds .   Fo r   example ,   t he   r eac t ion  among l a s a n t  
molecules 

R I + R I + R  + I  
2 2 

i s  f i r s t   h i g h l y   l i m i t e d  by t h e   c o m p l i c a t e d   s t r u c t u r e   o f   t h e  R I  molecule but, i n   a d d i -  
t i o n ,   h a s  a threshold   approaching  4 eV. In f a c t ,   t h i s   r e a c t i o n  seems t o  p l a y ,  a t  
most, a minor role i n  py ro ly t i c   decompos i t ion   ( r e f .  1 1 ) .  

The recombination 

R + R + R  
2 

1 1  



has  no  threshold  and i s  mainly  delayed by s t e r i c   f a c t o r s ,  as is  

R + I + R I  

The e x c e s s   k i n e t i c   e n e r g y   i n   b o t h   r e a c t i o n s  i s  absorbed by t h e   i n t e r n a l   e n e r g y  of t h e  
a l k y l   r a d i c a l s  so t h a t  a t h i r d  body is  no t   r equ i r ed .  

The i m p o r t a n t   r e a c t i o n   f o r  lasers 

R + I* + R I  

i s  i n h i b i t e d  by t h e   r e p u l s i v e   p o t e n t i a l   ( f i g .  6) between  them. This r e a c t i o n  is  t h e  
p r i n c i p a l   l o s s  of e x c i t e d   i o d i n e   a n d   t h e  main limit i n   r e a c h i n g  laser threshold .  

Loss of t h e   e l e c t r o n i c   e x c i t a t i o n   e n e r g y   t h r o u g h   v a r i o u s   c o l l i s i o n a l   p r o c e s s e s  
denoted by 

I* + I 

is  t h e   u l t i m a t e   l i m i t i n g   f a c t o r  i n  t h e   l a s e r   o p e r a t i o n .  Such losses   occur   th rough 
c o l l i s i o n a l   e n e r g y   t r a n s f e r ,   e x c i p l e x   f o r m a t i o n ,   a n d   c o l l i s i o n   w i t h   t h e   w a l l .   R a d i a -  
t i ve   decay   p l ays  a minor   ro l e   because   o f   t he   l ong   l i f e t ime   o f   t h i s   me tas t ab le   s t a t e .  

The formation  of   molecular   iodine is  a th ree -body   r eac t ion ;   t he   t h i rd  body i s  
needed t o   s t a b i l i z e   t h e   r e a c t i o n  by a b s o r b i n g   k i n e t i c   e n e r g y   t o   e x t r a c t   t h e   e x c e s s  
energy   of   t rans la t iona l   mot ion .  These r e a c t i o n s  

I + I + I  
2 

and 

I * + I + I  
2 

a r e   p a r t i c u l a r l y   i m p o r t a n t   t o   l a s e r   o p e r a t i o n   b e c a u s e   t h e   h i g h   q u e n c h i n g  rate of   the 
iodine  molecule  is  t h e  main limit t o   l a s e r   p u l s e   d u r a t i o n   a n d   p r o c e s s i n g   o f   u s e d  
l a s a n t   m a t e r i a l .  

12 
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Secondary Re a c t i o n s  

The poss ib l e   s econda ry   r eac t ions  of t he  new species   formed  through  the  pr imary 
r e a c t i o n s   a r e  shown i n  t a b l e  V I .  Of these,   only two reac t ions   appear   to   be  of  any 
poten t ia l   impor tance .  The f irst ,  

R + I  + R I + I  
2 

i s  suppressed by s t e r i c   f a c t o r s   a s   w e l l   a s   a c t i v a t i o n   e n e r g y  on the   o rder  of 1 eV. 
If t h i s   r e a c t i o n   o c c u r s ,  i t  i s  probably  only among hot   rad ica ls   p roduced  i n  the  pho- 
t o d i s s o c i a t i o n  of t he   l a san t   mo lecu le s .  The second  reac t ion ,  

I* + R + R I   + R  
2 

i s  i n h i b i t e d  by an  approximate 2-eV threshold   and   poor   e lec t ronic- to-v ibra t ion   cou-  
p l ing .   This   reac t ion   and   subsequent   reac t ions  i n  t a b l e  V I  a re   un impor tan t .  

TABLE V I . -  SECONDARY REACTIONS AND 
CORRESPONDING ENTHALPIES 

[R = *C F 1 
3 7  

Reaction 

R +  I2 + R I + I  

I* + R2 + R I  + R 

I 2  + R 2  + 2 R I  

I + R 2 + R I + R  
.~ ~ ~ " 

AH, eV/mol 

-0.67 

.43 

- 7 0  

1.37 

CHEMICAL REACTION RATES 

The s p e c i f i c   r e a c t i o n   r a t e s  of   the  react ions  which  appear   possible   under   s imple 
energy  considerat ions must  be known before   a   complete   chemical   kinet ic  model  can  be 
der ived .   Spec i f ic   reac t ion   ra te   da ta   a re   co l lec ted   and   summar ized  i n  t h i s  s e c t i o n .  
The symbols f o r   t h e   r e a c t i o n   r a t e   c o e f f i c i e n t s   a r e   d e f i n e d  i n  t a b l e  V I I .  
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TABLE VI1 . -  MEAN REACTION  RATE  COEFFICIENTS AND ASSOCIATED  UNCERTAINTY  FACTORS 
BASED ON LITERATURE  VALUES 

factor  i n   p a r e n t h e s e s   g i v e s   t h e   u n c e r t a i n t y  limits associatedl 
w i t h   t h e   c o e f f i c i e n t  J 

Reactants  

R + R  

R + I  

I + I + R I  

1 + 1 + 1 2  

R + R I  

R + I *  

I* + R I  

I *  + I2 

I *  + I + R I  

I *  + I + I2 

R + R I  

I *  + R I  

Products 

R2 

R I  

I 2  + R I  

I 2  + I 2  

R2 + I 

R I  

I + R I  

I + I2 

I2 + R I  

I 2  + I 2  

R 2  + I* 

RI* 2 

T 
Symbo 1 

K3 

K2 

c2 

c4 

K4 

K1 

Q1 

Q2 

C1 

c3 

K5 

Reaction ra te  c o e f f i c i e n t ,  ( ~ m ~ ) ~ / s e c  

R = n-C3F7 

2.6 x IO-1 (4)k1 

2.3 x (3.5)’l 

8.5 X ( 5 . 3 p  

3.8 X (1.3)&’ 

3 x 10-l6 

5.6 X 10-1 (6 .2 ) f1  

2.0 X (4.2)+l 

1.9 X 10-l’   (2.6)+l 

3.2 X (3.2)+’ 

8 X (1 .8)+l  

3.2 X (3 .2)+l  

8.3 X (1 .3 )+ l  

R = i - C  F 3 7  

9.0 X I O - l 3  (3.8)*l 

3.9 x 10-71 (4 .3 ) f l  

8.3 X (5 .3)f1 

3.8 X 1 0-30 (1.3)*’ 

3 x 10-16 

1.7 X (17)“ 

7 X 1 0 - l ~   ( 4 ~ ) ’ ~  

1.9 x (2 .6)+l  

3.2 X (3.2Ik1 

8 X (1.8)” 

3.2 X 1 0 1 7  (3 .2)”  

6.5 X ( 1 . 1 ) ”  

Reaction Rate fo r  R f R + R 2  

The r e a c t i o n  rate c o e f f i c i e n t   f o r  R + R + R2 i s  g iven  for  CF3 r a d i c a l s  t o  be 
1.1 x 1  0-1 ’ cm3/sec by Hohla  and Kompa (ref. 14 ) .  It i s  expected t o  be slower f o r  
C3F7 because  of s ter ic  fac to r s ,   a l t hough   t he   add i t iona l   deg rees   o f   f r eedom  t end  t o  
s t a b i l i z e   t h i s  two-body r eac t ion .   Th i s   va lue  w a s  l i kewise   adop ted  by Turner  and 
Rapagnani   ( ref .  15) .  F u r t h e r   s t u d i e s  were made by Kuznetsova  and  Maslov ( re f .  16)  on 
the  normal  and isomeric forms of t h e   r a d i c a l   a n d   w i t h   v a r y i n g   d e g r e e s   o f   s a t u r a t i o n  
o f   t h e   g a i n  medium. They f i n d  a value  of 3.1 9 x IO-1 cm3/sec w i t h i n  a f a c t o r  of 
3.8 fo r   t he   no rma l   fo rm  and  7.7 x cm3/sec w i t h i n  a f a c t o r  of 3.1 f o r   t h e  
isomeric form. Later s t u d i e s   u s i n g   t r a n s v e r s e   e l e c t r o n   d i s c h a r g e   e x c i t a t i o n   y i e l d e d  
4.2 X lo-’ c m  /set for  i-C3F7 (ref. 1 7 ) .  Values   for   recombinat ion are given by Fisk 
(ref. 1 8 )  as 6 x 1 0-1 cm3/sec f o r  n-C3F7 and 1.5 x 1 0-1 cm3/sec f o r  i-C3F7! 
a l t h o u g h   h i s   l o g i c   i n   a r r i v i n g  a t  t h e s e   v a l u e s  is  n o t   d e t a i l e d .  The u n c e r t a l n t y   i n  
Kuznetsova  and Maslov‘s o r i g i n a l  estimates w a s  g r e a t l y   r e d u c e d   i n   t h e i r  l a t e r  work 
(ref. 1 9 )   w i t h   n o   s u b s t a n t i a l   d i s a g r e e m e n t   w i t h   t h e i r  ear l ier  v a l u e s  (ref. 16) .  

3 
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Later measurements  of  Skorobogatov  and  Slesar  (ref.  20)  yielded  the  value  of 
1.77 x lo-' cm /set f o r  i-C3F7. The v a l u e s   a d o p t e d   f o r   t h i s   s t u d y   a r e  shown i n  
t a b l e  V I I .  

3 

Reac t ion   Ra te   fo r  R + I + R I  

The p r i n c i p a l   r e a c t i o n  by wh ich   t he   l a san t   ma te r i a l  is  recovered is  R + I + R I .  
The rate proposed by Hohla  and Kompa ( r e f .  14)  and  used by Turner  and  Rapagnani 
( r e f .   1 5 )  i s  5 X IO" cm3/sec. The va lue   ob ta ined  by Kuznetsova  and  Maslov 
( r e f .   16 )  i s  2.8 x IO-1 cm3/sec f o r   b o t h  n-C3F7 and i-C3F7 w i t h i n  a f a c t o r  of 3.1. 
The va lue   found  accord ing   to   Skorobogatov  e t  a l .  ( r e f .  21)  i s  1.5 X cm3/sec 
wi th in  a f a c t o r  of 3, which i s  e q u a l   t o   t h e   v a l u e   f o u n d  by Beverly  and Wong 
( r e f .  1 7 ) .  The more recent  values  of  Kuznetsova  and Maslov ( r e f .   1 9 )   a r e  somewhat 
l o w e r   t h a n   t h e i r   e a r l i e r   v a l u e .   T h e i r   r a t e   c o e f f i c i e n t s  are 0.7 X 1 0-1 cm3/sec f o r  
n-C3F7 and  0.6 x lo-' '  cm3/sec f o r  i-C3F7 w i t h   a n   u n c e r t a i n t y   f a c t o r  of 1.1 5. A more 
r ecen t   va lue  of  Skorobogatov  and  coworkers  (ref.  20) is  3.1 X IO-'  cm3/sec f o r  
n-C3F7. The value 2.3 x IO-' cm3/sec i s  adop ted   fo r  n-C3F7 wi th   an   unce r t a in ty  
f a c t o r  of  3.5,  and the   va lue  3.9 X IO- ' '  cm3/sec is  adop ted   fo r  i -C3F7 with  an 
u n c e r t a i n t y   f a c t o r  of  4.3, a s  shown i n   t a b l e  V I I .  

React ion  Rate   for  I + I + I2  

The r e a c t i o n  I + I + I2 i s  important   because i t  competes   with  the  regenerat ion 
of t he   l a san t   gas ,   and   mos t   impor t an t ly ,   t he   p roduc t  i s  a ser ious   quencher  of t h e  
u p p e r   l a s e r   l e v e l   ( r e f .  2 2 ) .  The iod ine   a toms   approach   a long   an   a t t r ac t ive   po ten t i a l  
i n  t h e   s t a t e   b u t  must be s t a b i l i z e d  by c o l l i s i o n   w i t h  a t h i r d  body. The 3n  s t a t e  
has a weak r e p u l s i v e   p o t e n t i a l   a l l o w i n g   f o r   c l o s e   a p p r o a c h  of t h e  two iodine  atoms 
w i t h   c o l l i s i o n a l   t r a n s i t i o n s   t o   t h e  lL' s t a t e   b e i n g   l i k e l y   t h r o u g h  a t h i r d  body. The 
e f f i c i e n c y  of t h e   s t a b i l i z a t i o n  i s  dependent   on  the  mass   ra t io  of t h e   t h i r d  body t o  
t h e   i o d i n e  atom  and  the  van  der  Waals  force of t h e   t h i r d  body.  There i s  a rough 
i n v e r s e   c o r r e l a t i o n   b e t w e e n   b o i l i n g   p o i n t   o f   t h e   t h i r d - b o d y   m a t e r i a l   ( t h a t  is, s t r o n g  
van de r  Waals p o t e n t i a l )   a n d   t h e   r e c o m b i n a t i o n   c o e f f i c i e n t   ( r e f .   2 3 ) .  

The most   impor tan t   th i rd  body f o r   s o l a r  pumping i s  the   a lkyl   iod ide   molecule ,  
f o r  which t h e   r a t e   c o e f f i c i e n t  i s  t a k e n   a s  4.5 x cm6/sec by Turner  and 
Rapagnani  (ref.   15).   Measurements  of  Kuznetsova  and  Maslov  (ref.   16)  yielded 
8.5 X I 0-32 cm / s e c   f o r  n-C3F71 and  8.0 X cm / s e c   f o r  i -C3F7P.  The value  of 
3.9 X 1 0-31  cm6/sec i s  g iven  by Ershov e t  a l .   ( r e f .  2 4 ) .  

6 6 

The second  most   important   thi rd body i n  t he   gas  i s  t h e  I2 molecule. The r a t e  
c o e f f i c i e n t   f o r   t h i s   r e a c t i o n  is  reasonably  approximated  as  3.8 x I 0-30  cm6/sec 
wi th in  a f a c t o r  of  1.3 a s   e s t a b l i s h e d  from  references  15,  25,  26, and 27. However, 
t h i s   mo lecu le  must a lways  give  only a  minor cont r ibu t ion   because  I2 concen t r a t ions  
remain small f o r   l a s e r   o p e r a t i o n .  

React ion Rate f o r  R + R I  + R2 + I 

The r e a c t i o n  R + R I  + R2 + I i s  hindered by s t e r i c   f a c t o r s   a n d   a c t i v a t i o n   e n e r g y  
on t h e   o r d e r  of 2 eV. Measurements  of  Andreeva e t  a l .   i n  CF31 ( r e f .  28) y i e l d  a 
value less than 3 X cm3/sec. 
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Reaction Rate f o r  R + I *  + R I  

The r e a c t i o n  R + I *  + R I  i s  h indered  by steric f a c t o r s   a n d  a r e p u l s i v e  
p o t e n t i a l .  ‘Ihe va lue   measured   for  CF3 by Andreeva e t  al. (ref. 28)  i s  
3 .5  X 10-l c m  /sec, and a somewhat smaller va lue  is  e x p e c t e d   f o r  C3F7 as a r e s u l t  
of s teric fac tors .   Kuznetsova   and   Mas lov   ( re f .   16)   a r r ive  a t  1.1 2 X 10-1 cm3/sec 
w i t h i n  a f a c t o r   o f  2.9 f o r  n-C3F7 and 0.5 X f0- l  cm3/sec w i t h i n  a f a c t o r   o f  7 f o r  
i-C3F7.  The t r ansve r se -e l ec t ron -d i   cha rge -exc i t ed  gas of  Beverly  and Wong (ref. 17) 
i n d i c a t e s  a va lue   o f  2.7 X c m  /set f o r  i-C3F7. Later work of  Kuznetsova  and 
Maslov ( r e f .   1 9 )   y i e l d s   t h e  somewhat  lower  values  of 9 x 1 O-I4 cm3/sec f o r  n-C3F7 and 
4 X lo-’ Cm3/SeC f o r  i-C3F7. More r e c e n t l y ,   t h e   v a l u e   o f  6 x lo-’ Cm3/SeC f o r  
i-c F i s  g iven  by Skorobogatov  and Slesar ( r e f .  20), and a somewhat larger value  of  
3 x31 8-l cm3/sec i s  found by Ershov e t  a l .  ( ref .   29) .   Vinokurov  and  Zalesski i  
( r e f .  30) s u g g e s t   t h e  rate c o e f f i c i e n t   f o r  i-C3F7 t o  be 1 X cm3/sec. The va lue  
of  5.6 X 1 O-l3 cm3/ sec   w i th   an   unce r t a in ty   f ac to r   o f  6.2 is assumed f o r  n-C3F7, and 
1.7 X 1 0-1 cm3/sec w i t h   a n   u n c e r t a i n t y   f a c t o r  of  17 i s  assumed f o r  i -C3F7,  as shown 
i n   t a b l e  V I I .  

3 

3 

Reaction Rate f o r   I *  + I 

Loss of e l ec t ron ic   exc i t a t ion   ene rgy   t h rough   p rocesses   o the r   t han  laser o s c i l l a -  
t i o n  is i n  direct  compet i t ion   wi th  power genera t ion .  The loss of e l e c t r o n i c   e n e r g y  
can   be   th rough  severa l   p rocesses .   Thermal   co l l i s ions   a re   near ly   ad iaba t ic ,  s o  t h a t  
e n e r g y   t r a n s f e r   t o   t r a n s l a t i o n a l   m o t i o n  i s  q u i t e   s l o w   ( r e f .   3 1 ) .  The main modes of 
d e e x c i t a t i o n  w i l l  be e n e r g y   t r a n s f e r   t o   v i b r a t i o n a l - r o t a t i o n a l   l e v e l s   a n d   c o m p l e x  
formation. 

The d e e x c i t a t i o n  by the   l asan t   molecules   p roceeds   th rough  exc ip lex   format ion  

I*  + R I  + RI*- 
2 A R I t  + I 

wi th   subsequen t   decay   t h rough   r ad ia t ion   o r   ene rgy   t r ans fe r   w i th in   t he  complex. The 
d a g g e r   s u p e r s c r i p t   d e n o t e s   v i b r a t i o n a l   e x c i t a t i o n .  The b ranch ing   r a t io s   have   been  
s tud ied   ( r e f s .   13   and   32 )  by observ ing   the   exc ip lex   emiss ion .  The o v e r a l l  r a te  f o r  

R I  + I* + R I  + I 

has  been  measured by several   groups.   Turner  and  Rapagnani ( ref .  15) recommend 
8 x cm3/sec. Somewhat smaller va lues  were found by Kuznetsova  and  Maslov 
( r e f .   16 )  as 2.3 x 1 0-l6  cm3/sec f o r  n-C3F71 and 2.8 X cm3/sec f o r  i-C3F71. 
Accurate  studies  of  chemiluminescence b Stephan  and Comes ( r e f .  33)  and Comes 
and  Pionteck  (ref.  3 4 )  y i e l d  4.6 X 10- I I ;  c m  3 /sec f o r  n-C3F71. A larger va lue ,  
2.0 x 1 0-l6 cm3/sec, was found by  Dobychin e t  a l .  f o r  n-C3F71, and a much lower 
value,  7.7 x IO-’ cm3/sec, w a s  found  for   i -C3F71  ( ref .  35) .  The values   adopted are 
shown i n  table V I I .  
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The d e e x c i t a t i o n  by I2 i s  probably  through  the  formation  of  a triatomic  complex 
( r e f .   36 ) .  The value  adopted by Turner  and  Rapagnani  (ref.  15)  was p robab ly   i n f lu -  
enced by t h e   e a r l y   v a l u e  (5  x 1 0-1 cm3/sec)  given by Donovan and Husain ( r e f .   37 ) .  
A l a rge r   va lue   o f  3.6 x 1 0-1 cm3/sec i s  g iven  by Beverly  and Wong ( r e f .   1 7 ) .  
Kartazaev e t  a l .  ( r e f .   3 8 )   f i n d  2.1 X 10-1  cm3/sec.  Most  of t h e  more r ecen t   va lues  
approach 3 x 10-1  cm3/sec ( r e f s .  27,  36, and  39). 

React ion Rate f o r  R I  + R I  + R2 + I2 

Although  the  enthalpy  change i s  e a s y   t o   a c h i e v e ,  R I  + R I  + R2 + I2 is  an unim- 
p o r t a n t   r e a c t i o n ,   i n h i b i t e d  by both steric f a c t o r s   a n d  a h igh   ac t lva t ion   energy .  The 
r a t e  is  assumed t o   b e   z e r o .  

Reac t ion   Ra te   fo r   I*  + I + I2 

The r e a c t i o n   I *  + I + I2 i s  important   because it i s  t h e  main source  of I2 gen- 
e r a t i o n   b e f o r e   t h e  medium i s  s a t u r a t e d .  The TI state  i s  a t t r a c t i v e   a n d   e a s i l y  recom- 
b ines   w i th  a t h i r d  body p r e s e n t  t o  a b s o r b   r e l a t i v e   t r a n s l a t i o n a l   e n e r g y   i n   f o r m i n g  
t h e  bound state.  The most   important   thi rd  body is  t h e   l a s a n t   g a s ,   f o r  which  coef- 
f ic ients   have  been  measured.   Turner   and  Rapagnani   ( ref .  15)  give a value  of 
1 X cm6/sec,  and  Beverly  and Wong ( r e f .   17 )   u se  1.56 X cm 6 /sec. More 
recent ly ,   Stephan  and Comes ( r e f .  33)   give  the  value 1 x 1 0-32  cm6/sec. As shown i n  
t a b l e  V I I ,  the  value  assumed  here i s  the  geometr ic   midpoint  3.2 x cm6/sec  with 
a n   u n c e r t a i n t y   f a c t o r  of  3.2,  which is  s u f f i c i e n t   t o   s p a n   t h e   e x p e r i m e n t a l   v a l u e s .  

The r e a c t i o n   a s   s t a b i l i z e d  by t h e  I2 molecule i s  g i v e n   a s  4.3 x cm6/sec 

3 

by Turner  and  Rapagnani  (ref.   15)  and  1.48 x 1 Om31 cm6/sec by Beverly  and Wong 

assumed i n  t a b l e  V I I .  
' ( r e f .   1 7 ) .  The value of 8 x cm6/sec   wi th   an   uncer ta in ty   fac tor  of  1.8 i s  

Reac t ion   Ra te   fo r  R + R I  -f R2 + I*  

The r e a c t i o n  R + R I  + R2 + I*  was proposed by Andreeva e t  a l .   ( r e f .   4 0 )   a s  a 
pos tpho to lys i s   me tas t ab le   p roduc t ion  mechanism. The r e a c t i o n  is  hindered by s t e r i c  
f a c t o r s   a n d  a h igh   ac t iva t ion   ene rgy   and  i s  most l i k e l y   t o   p r o c e e d   t h r o u g h   h o t  
r a d i c a l   r e a c t i o n .   P r e v i o u s   s t u d i e s   o f  Andreeva e t  a l .  ( r e f .  28) i n d i c a t e   t h i s   r e a c -  
t ion  to   be  unimportant .   Direct   measurements   of   Zalesski i   and  Krupenikova (ref. 4 1 )  
y i e l d   t h e  rate c o n s t a n t  3.2 x 10-1 c m  3 / s ec   w i th in  a f a c t o r  of 3.2. This r e a c t i o n  
was proposed by Hohla  and Kompa a s  a p o s s i b l e   e x p l a n a t i o n   f o r   t h e   p o s t p h o t o l y s i s   g a i n  
inc rease   obse rved   i n   t he i r   expe r imen t s .  

Reac t ion   Ra te   fo r   I*  + R I  + RI* 2 

The R I  and  I*  system  forms a  weakly  bound state (-0.07 eV f o r  n-C3F71 and 
-0.04 e V  f o r  i -C3F71)   th rough  th ree-body  co l l i s ion   ( re fs .   13   and   32) .  The exc ip l ex ,  
once  formed,  decays  through  emission  of  1.3 pn r a d i a t i o n   o r   t h r o u g h   t r a n s f e r  of t h e  
e l e c t r o n i c   e x c i t a t i o n   e n e r g y   i n t o   v i b r a t i o n a l - r o t a t i o n a l   m o t i o n   o f   t h e  R I  molecule. 
The o v e r a l l   e f f e c t  i s  los s   o f   a tomic   i od ine   me tas t ab le s   o r   quench ing   o f   t he  
metas tab le  state. The rate fo r   pas s ing   t h rough   t he   exc ip l ex   r ad ia t ive   channe l  is  
measured by Gerck ( r e f .   3 2 )   t o   b e  6.6 X cm3/sec for  n-C3F71 and 
5-8 x 10-l c m 3 / S e C  f o r  i-C3F71. Somewhat h igher   va lues  are observed by Smedley  and 
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Leone ( ref .  13) as 10.4 X 1 0-1 cm3/sec for  n-C3F71 and 7.2 X 1  0-1 cm3/sec for  
i-C3F71. 

Other   React ion Rates 

The r e m a i n i n g   r e a c t i o n s   i n  tables V and V I  are n o t  expected t o  c o n t r i b u t e ,   a n d  
n o   r e a c t i o n  ra te  c o n s t a n t s  were found i n   t h e   l i t e r a t u r e .  

SPECTRUM AND G A I N  COEFFICIENT OF  METASTABLE I O D I N E  

The pho tod i s soc ia t ion   and   subsequen t   chemica l   r eac t ions   gove rn   t he   p roduc t ion  
and loss o f   i n v e r s i o n   i n   t h e   g a s .  The a b i l i t y   o f   t h e  gas t o  amplify a l i g h t   s i g n a l  
depends   on   the   invers ion   and   s t imula ted   emiss ion  cross s e c t i o n .  ?he s p e c t r a l   p r o p e r -  
t ies a n d   t h e i r   r e l a t i o n  t o  t h e   s t i m u l a t e d   e m i s s i o n  cross s e c t i o n  are  d i s c u s s e d   i n  
t h i s   s e c t i o n .  

The v a l a n c e   s h e l l  of t h e   i o d i n e  atom i s  a ( 5 ~ ) ~  c o n f i g u r a t i o n   w i t h  t o t a l  
L = 1 ,  S = 1 / 2 ,  and a m u l t i p l i c i t y   o f  2. The ground s t a t e  i s  J = 3/2 w i t h   t h e  
f i r s t  e x c i t e d  s t a t e  due t o  s p i n - o r b i t   i n t e r a c t i o n  J = 1/2. In the  Russel l -Saunders  
scheme,   Garstang  ( ref .   42)   f inds a m a g n e t i c   t r a n s i t i o n  ra te  of  7.8 sec-’ and a small 
e lec t r ic  quadrupole ra te  of  0.055  sec-l  which  yield 0.1  27 sec as a l i f e t i m e   o f   t h e  
2p1/2 s t a t e ,  and   t r ans i t i on   ene rgy   o f   7605  cm-l. More r e c e n t   c a l c u l a t i o n s  of 0’ Brien 
and Bowen ( r e f .  43) y i e l d  0.11 sec. Experiments were performed by De en t   and   Thrush  
( ref .  44) by which   the  2p1/2 l i f e t i m e  was measu red   r e l a t ive  t o  t h e  02( A )  l ifetime. 
Assuming t h e  0 2 ( ’ A )  l i f e t i m e   t o   b e  3880 sec y i e l d s  a l i f e t i m e   o f  0.1  7 f 0.04 sec f o r  

T 

Natu ra l   i od ine   occu r s  as 100-percent 1’ 27, f o r  w h i c h   t h e   n u c l e a r   s p i n  i s  5/2. 
The r e s u l t a n t  t o t a l  a n g u l a r  momentum of  the  whole  atom is  

F = 2,3 

f o r   t h e  2 ~ ,  /2 upper   l eve l   and  

F = 1,2 ,3 ,4  

(1 7 )  

f o r   t h e  2 ~ 3 / 2  ground s ta te .  Because   o f   i n t e rac t ion   be tween   t he   magne t i c   f i e ld   o f   t he  
a t o m i c   o r b l t a l   a n d   t h e   n u c l e a r   m a g n e t i c  moment, t h e   s u b l e v e l s   o f   d i f f e r e n t  F va lues  
are  s p l i t   i n t o   d i s t i n c t   l i n e s .   I n   a c c o r d a n c e   w i t h   m a g n e t i c   s e l e c t i o n   r u l e s  

t i n g  ( A E )  o f   t h e   u p p e r   l e v e l s   c a l c u l a t e d  by Zuev e t  a l .  ( re f .   45)  i s  
D? = O,f l ,   t he re  are s i x   l i n e s   i n   t h e   2 p 1 / 2  + 2p3/2 t r a n s i t i o n .  The energy split- 

mF=3 = 0.265 c m  
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a n d   t h e   s p l i t t i n g   o f   t h e   l o w e r   l e v e l  i s  

\ 

E3 = -0.118 c m  
- 1  

F= 1 

k3F,2 = -0.094 c m  

-l I 
= -0.028 cm-l 1 

mFz4 = 0.1 13  c m  -' J 
The ene rgy   d i f f e rences   be tween   t he   l eve l s   a r e  shown i n  t a b l e  V I 1 1  a long   wi th  results 
of  experimental   measurements  (refs.   45  and  46).  

TABLE V I I 1 . -  HYPERFINE SPLITTING OF I O D I N E  2P STATES 

F1 - F2 

1-2  

2-3 

3-4 

I 1  

2 

+1/2 

Theory 

0.636 

- 

Experiment Ref. 

45 
46 

cm -1 

Theory 

0.025 

0.0656 

0.141 

" .. 

Lp3/2 

Experiment 
~~ ~ 

0.026 f 0.003 
0.025 

0.068 f 0.002 
0.065 

0.141 f 0.002 
0.142 

. .  ~ . . .  ~~~ 

Ref. 

45 
46 

45 
46 

45 
46 

Zuev e t  a l .  (ref.  4 5 )  c a l c u l a t e d   t h e   t r a n s i t i o n   r a t e s   € o r   t h e   s i x   l i n e s   a n d  
obta ined   va lues  shown i n  t a b l e  I X .  The t o t a l   l i f e t i m e  of t h e   u p p e r   s t a t e  was found 
t o  be 0.1 3  sec,   which is  i n  good  agreement  with  Garstang  (ref.  42). 

The h y p e r f i n e   l e v e l s   a r e  mixed by t h e r m a l   c o l l i s i o n s  i n  a  time  which is  s h o r t  
compared  with i t s  r a d i a t i v e   l i f e t i m e  of  170  msec. The l e v e l   d e n s i t i e s   a r e   r e l a t e d  by 
the   equi l ibr ium  requi rement  
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TABLE IX.-  HYPERFINE TRANSITION RATES AND LINE STRENGTHS 

T r a n s i t i o n  Rate, 
sec -1 

3-4 

2.3  2- 1 
3.0 2-2 
2.4 2- 3 

- 6  3-2 
2.1 3-3 
5.0 

R e l a t i v e  

Ca lcu la t ed  
( t h i s   s t u d y  ) 

37.9 
16.0 

4.5 
13.0 
16.2 
12.4 

i n t e n s i t y ,   p e r c e n t  

Experiment 
(ref. 45)  

Calcula ted  
( r e f .  45) 

36.5 f 1.5 
16.3 f 0.8 

6.2 f 1.1 
13.0 f 0.6 
15.2 f 0.7 
12.3 -+ 0.5 

. .  . 

37.5 
16.2 

4.6 
13.0 
16.2 
12.5 

where gF and  gFl are the   degenerac ies ,   and  EF and EF, are the   co r re spond ing  
energy  levels .   In   equi l ibr ium,  the  forward  and  backward  react ion rates are l ikewise  
e q u a l  

where Kf and Kb are the  forward  and  backward ra te  c o e f f i c i e n t s ,   r e s p e c t i v e l y ,  so  
t h a t  

S ince   the   energy   separa t ion   be tween  the   hyper f ine   subleve ls  is  small compared wi th  
the   t he rma l   ene rgy ,   t he   t empera tu re -dependen t   f ac to r  may be ignored. The r a t i o   o f  
l e v e l   d e n s i t i e s  is assumed t o   b e   p r o p o r t i o n a l   t o   t h e i r   d e g e n e r a c y ,   t h e   l i n e   i n t e n s i -  
t ies  are c a l c u l a t e d ,   a n d   t h e   c o r r e s p o n d i n g   r e l a t i v e   i n t e n s i t i e s   f o r   t h e   t r a n s i t i o n  
rates  are compared w i t h   e x p e r i m e n t s   i n   t a b l e  I X .  

Broadening of Spec t r a l   L ines  

There are s e v e r a l   c o n t r i b u t i o n s   t o   t h e   w i d t h   o f  a g i v e n   a t o m i c   s p e c t r a l   l i n e .  
F i r s t  is t h e   f i n i t e   l i f e t i m e  of   the level  r e s u l t i n g   i n   e n e r g y   u n c e r t a i n t y  a t  emis- 
s ion .   Th i s   spec t r a l   b roaden ing  is  imposs ib le   to   observe   under   o rd inary   condi t ions .  
There is  a Doppler s h i f t  due t o   t h e   r e l a t i v e   m o t i o n  of t h e   a t o m   t o   t h e   o b s e r v e r .  For 
a gas   i n   t he rma l   equ i l ib r ium,   t he   Dopp le r   w id th  is  

2 kT2 I n  2 1 /2 
a v  D c  =-(  ) v 0 

AV = 7.162 x v JT/M 
D 0 
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where T is the  temperature ,   and M i s  t h e  mass  of the  gas  molecule.  
be tween  the   peak   of   the   l ine   shape   and   the  l i n e  width is  

The r e l a t i o n  

and   app l i e s  a t  low gas   p re s su res   ( r e f .   47 ) .  

A t  h i g h e r   p r e s s u r e s ,   t h e   i n t e r r u p t i o n  of the   emiss ion   process  by b inary  cc 
s ions   causes  random phase  changes i n   t h e   o s c i l l a t o r   f r e q u e n c i e s ,  which f u r t h e r  

blli- 

broaden  the  emission  spectrum  (ref .  48) .  The a s s o c i a t e d   l i n e   s h a p e  i s  Lorentzian,  
and   t he   l i ne   w id th  i s  r e l a t e d   t o   t h e   g a s   c o l l i s i o n   f r e q u e n c y .   S i m i l a r   t o   c o l l i s i o n  
broadening is  van  der Waals  broadening,  associated  with  the  formation  of  weakly bound 
van d e r  Waals molecules.  The t r ans i t i on   f r equency   t hen   co r re sponds   t o   t he   s epa ra t ion  
of   the  two p o t e n t i a l   c u r v e s  a t  t h e   r e l a t i v e   n u c l e a r   s e p a r a t i o n   a t  which   the   t rans i -  
t i on   occu r red  i n  accordance   wi th   the  Franck-Condon p r i n c i p l e   ( r e f .   4 9 ) .  The c o l l i -  
s ion  and  van  der  Waals broadening  are   pressure  dependent   and  approximately  Lorentzian 
i n  p r o f i l e .  The l i n e   w i d t h  i s  assumed l i n e a r  i n  p r e s s u r e   a s  

Av = a p  
1 

where  a1 is  the   p ressure-broadening   coef f ic ien t .  
given by 

(26 )  

The peak  of  the l i n e  shape i s  

The l i n e   s h a p e   f u n c t i o n   e x h i b i t i n g   t h e  combined e f f e c t s  of  the  Doppler  and  Lorentz 
components i s  the   Vo ig t   func t ion .   In   t he   p re sen t  work, t h e   l i n e   s h a p e  i s  approxi-  
mated by a L o r e n t z i a n   p r o f i l e  

g ( v )  = - A V  1 
27c 

( v  - v 0 )  + ( A v / ~ )  
2 2 

s ince   ove r l ap   o f   t he   pu re   Dopp le r   p ro f i l e  of a d j a c e n t  l i n e s  i s  neg l ig ib l e .  The l i n e  
width is  t a k e n   a s  

A v = a   + a p  
0 1 

(29)  

where  p is the   a lky l   i od ide   p re s su re ,   and  a, i s  r e l a t e d  t o  the   Dopp le r   l i ne   w id th  
i n  equat ion  ( 2 4 ) .  
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Gain  and  Stimulated  Emission Cross S e c t i o n  

The i n v e r s i o n   d e n s i t y   o n  a g i v e n   l i n e  i s  expressed  as 

fo r  which   the   cor responding   s t imula ted   emiss ion  cross s e c t i o n  is  

where  gFFl ( V )  i s  t h e   p r o f i l e   f u n c t i o n  of  t h e  F += F1 t r a n s i t i o n ,   a n d  AFFl  is t h e  
t r a n s i t i o n  rate. The g a i n   c o e f f i c i e n t  a t  a frequency v i s  

FF 

which   has   been   s tud ied  by severa l   g roups .  Zuev e t  a l .  ( r e f .   45 )   measu red   t he   l i ne  
wid th   o f   the   iod ine   luminescence   d i rec t ly   and   measured   the   ga in   on   the  3-4 t r a n s i -  
t i o n .   ? h e y   c o n c l u d e   t h a t   t h e  A34 t r a n s i t i o n  rate i s  3.4 * 1.1 sec-1,  which implies 
a n   E i n s t e i n   c o e f f i c i e n t   o f  

i n  good  agreement  with  the  value 6.22 f 1.46 sec-l of  Derwent  and  Thrush  (ref.   44) 
b u t  somewhat  lower  than  the  7.86 sec" of Garstang (ref.  42).  The s t i m u l a t e d  emis- 
s i o n  cross s e c t i o n   o n   t h e  3-4 t r a n s i t i o n  was l ikewise  measured by Fuss and  Hohla 
( r e f .  50).  The l i n e   w i d t h  was obta ined   f rom  the   measured   s t imula ted   emiss ion  cross 
s e c t i o n  as 

A A2 34 

d 47c 
AV = 2 

34 

(34) 

where  they  assumed  the  value  of A34 t o  be 5.0 sec-' a c c o r d i n g   t o   t h e   c a l c u l a t i o n s  
of Zuev e t  a l .  ( r e f .   4 5 ) .  They o b t a i n   f o r  a o f   e q u a t i o n   ( 2 9 )   t h e   v a l u e  of 
20.2  MHz/torr.  Baker  and  King (ref. 51)  measure a34 a t  100 torr t o  be 
0.9 f 0.2 x cm2, which is  i n  good  agreement  with Zuev e t  a l . ,  who assumed 
t h a t  A34 = 3.4 f 1.1 sec'l.  Nearly perfect   agreement   between Zuev e t  a l .  and  Baker 
and   f ing  is o b t a i n e d   f o r  o~~ if A34 = 3.7 SeC" i s  u s e d   w i t h   t h e  Zuev e t  a l .  
va lues .  

1 
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A d e t a i l e d   s t u d y  w a s  undertaken by Mukhtar,  Baker,  and  King ( r e f .   5 2 )   i n   w h i c h  
l i n e   w i d t h  w a s  measured  independent ly   of   the  034 cross s e c t i o n ,   a n d   t h e   l i n e -  
broadening parameter a w a s  found t o  be 15  & 4 MHz/torr. Resu l t s   ob ta ined  by 
Babkin e t  al. (ref. 53) are q u i t e   d i s t i n c t   f r o m   t h e   r e s u l t s  of references  44,   50,  51, 
and  52,   a l though  the  Babkin e t  a l .  broadening  parameter for CF31 is  i n   l i n e   w i t h  Fuss 
and  Hohla (ref. 50).  The pressure-broadening parameters of var ious   g roups  are l i s t e d  
i n  table X a long   w i th   e s t ima ted   t empera tu res  a t  t h e  t i m e  of  measurement. The room- 
temperature  parameter is estimated assuming a T dependence. The va lue   adopted   here  
is 14.8 2 4 MHz/torr. 

1 

TABLE X.- PRESSURE-BROADENING  PARAMETER  FOR C3F71 GAS 

1 8  f 4 

20 

15  f 4 

T, 
K 

530 

4 20 

350 

a l  (298 K), 
"/torr 

13.5 f 3 

16.9 

Reference I 
Zuev e t  a l .  (45 )  

Fuss and  Hohla (SO) 

Mukhtar e t  a l .  (52 )  
"" . 

EFFECTS  OF  DIFFUSION 

D i f f u s i o n   o f   t h e   i o d i n e   m e t a s t a b l e   w i t h i n   t h e  laser t u b e   w i t h   f i n i t e   d i m e n s i o n  
i s  a n   a d d i t i o n a l   p r o c e s s  by  which  inversion is l o s t  w i t h i n   t h e   g a s .  The d i f f u s i o n  
proceeds i n  t w o  steps a s s o c i a t e d   w i t h   t h e r m a l i z a t i o n   o f   t h e   h o t   p h o t o d i s s o c i a t i o n  
products   fol lowed by s low  the rma l   d i f fus ion .  

The i o d i n e  metastable i s  p roduced   w i th   k ine t i c   ene rgy   o f  0.79 e V  and  undergoes 
4 t o  5 c o l l i s i o n s   b e f o r e   t h e r m a l i z a t i o n   t a k e s   p l a c e .  The d i s t a n c e   t r a v e l e d   i n   t h e r -  
m a l i z a t i o n  is  

d - 0.5 m m - t o r r  (35)  

which is  small compared   w i th   t he   r ad ius   o f   t he  laser t u b e  (5.3.5 mm) even a t  1 torr. 
However, t h e   t h e r m a l   d i f f u s i o n  may be qu i t e   impor t an t .   Cons ide r ing   t he   expec ted   h igh  
s t i c k i n g   f a c t o r   o f   t h e   i o d i n e  atom a t  t h e   q u a r t z  w a l l  ( r e f .   5 4 ) ,   s u c h   c o l l i s i o n s  
appear as a loss o f   exc i t a t ion   ene rgy   f rom  the   i nve r s ion   dens i ty .  

"he par t ic les  produced a t  a n   i n s t a n t   i n  time a t  t h e   o r i g i n   o f  a c o o r d i n a t e  frame 
as a r e s u l t  of g a s e o u s   d i f f u s i o n  are  d i s t r i b u t e d   i n  space a t  a la ter  time t accord- 
i n g  t o  

2n0 
n I * ( r , t )  = 

n( 4Dt) 
(36)  
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where no is  t h e   i n i t i a l   d e n s i t y  of metastables, r is t h e   d i s t a n c e  from t h e  ori- 
gin,   and D i s  t h e   d i f f u s i o n   c o e f f i c i e n t  (ref. 5 5 ) .   I n   t h e  laser, t h e   s o u r c e  of I* 
i s  r e l a t i v e l y   u n i f o r m  over s e v e r a l  millimeters, so t h a t  losses due t o  d i f fus ion   f rom 
o n e   p o i n t  are compensated by d i f f u s i o n  from a d j a c e n t   s o u r c e   p o i n t s .  Only by d i f f u -  
s i o n  t o  t h e   g l a s s   s u r f a c e  are par t ic les  lost .  Dens i ty   changes   on   t he   t ube   ax i s  are  
t h e n   p r o p o r t i o n a l  t o  

where ro is  t h e   i n s i d e   r a d i u s   o f   t h e  laser tube. A d i f f u s i o n  time cons tan t   can  be 
d e f i n e d  by us ing   equa t ion   (37 )  as 

r 
2 

'G c- 
0 

D 2D (38)  

where 'G i s  t h e  mean d i f f u s i o n  time f r o m   t h e   c e n t e r l i n e  t o  t h e   t u b e  w a l l .  
D 

The d i f f u s i o n   c o e f f i c i e n t  fo r  i s o t r o p i c   s c a t t e r i n g  i s  r e l a t e d  t o  t h e  e l a s t i c  
s c a t t e r i n g  mean f r e e   p a t h  h as 

S 

D = - A v  1 
2 s  

(39)  

where v i s  t h e  mean the rma l   speed   o f   t he   d i f fus ing  par t ic le .  The iod ine   a tomic  
r a d i u s  i s  215 p m  ( r e f .   9 ) ,   t h e   a l k y l   i o d i d e   r a d i u s  is  e s t i m a t e d   f r o m   b i n a r y   d i f f u s i o n  
( r e f .   5 6 )   t o   b e  400 pm, a n d   t h e  mean t h e r m a l   v e l o c i t y   o f   t h e   i o d i n e  atom i s  
1.92 X I O 4  cm/sec (298 K ) .  U s i n g   t h e   i o d i n e   a t o m i c   r a d i u s   a n d   t h e   a l k y l   i o d i d e  
r a d i u s   y i e l d s  3 . 8  X 1 0-1 c m 2  f o r   t h e   s c a t t e r i n g  cross sect ion  and  0 .0076 cm-torr f o r  
mean f r e e   p a t h  so t h a t   e q u a t i o n   ( 3 9 )   y i e l d s  

D = 73  cm2-torr/sec  (40) 
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The l a s e r   t u b e   r a d i u s   o f  3.5 mm y i e l d s  a d i f f u s i o n   l i f e t i m e  of 

z = 8.5 x s e c / t o r r  
D 

f o r   t h e   p r e s e n t   e x p e r i m e n t s .  

(41  1 

PHOTOLYSIS OF ALKYL I O D I D E S  

The c h e m i c a l   a n d   p h y s i c a l   p r o c e s s e s   b e i n g   o u t l i n e d   i n   p r e v i o u s   s e c t i o n s ,  a math- 
ema t i ca l  model d e s c r i b i n g   t h e   r a t e  of  change  of s p e c i f i c   d e n s i t i e s  of c o n s t i t u e n t s   i n  
t h e   l a s e r   t u b e  is  d e s c r i b e d   i n   t h i s   s e c t i o n .  The m a j o r   k i n e t i c   p a t h w a y s   a r e   f i r s t  
summarized. The i n i t i a l   e x c i t a t i o n  of the   gas  i s  th rough   pho tod i s soc ia t ion   i n to  
exc i t ed   i od ine   and   t he  C ~ F ~  r a d i c a l   d e n o t e d  by t h e   z i g z a g   l i n e   i n   f i g u r e  7.  The loss 
of   exc i ted   iod ine   th rough  rad ia t ive   decay  is  slow (see z igzag   l ine   be tween I* and I 
i n   f i g .   7 ) ,  so t h a t   e x c i t e d   i o d i n e   l o s s  is  mainly  through  the  slow  recombination 

R + I* -+ RI 

which  a l lows  large  metastable   populat ions.   Further   losses   of   exci ted  iodine  occur  
t h r o u g h   c o l l i s i o n a l   q u e n c h i n g ,   e s p e c i a l l y   i f   c o n t a m i n a t i o n   o f   t h e   g a s   w i t h  12, H20, 
o r  O2 occurs.  The g round-s t a t e   i od ine   r ap id ly   combines   w i th   t he   f r ee   r ad ica l  C3F7. 
This  recombination i s  necessa ry   fo r   ma in ta in ing   t he   i nve r s ion .  More s lowly ,   t he  
ground-s ta te   iod ine   recombines   wi th   e i ther   g round-s ta te   iod ine   o r   metas tab le   iod ine  
t o  form  iodine  molecules.  Due t o   t h e   p r e s e n c e   o f   i n t e n s e   v i s i b l e   r a d i a t i o n ,   t h e  
iod ine   molecule   photodissoc ia tes  t o  form  ground-state  and  metastable  iodine.  

5- 

4- 

3- 
2 
I 

$ 2 -  
a, 
c 
W 

I -  

0- 

RI*  R = C3F7 

Figure 7.- Major k i n e t i c  pa thways   o f   the   iod ine   l aser .  
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The major   k ine t ic   pa thways  are summarized i n   f i g u r e  7. The pho tod i s soc ia t ion  
r a t e s  are given by equat ion  ( 1  5), where t h e   p a r a m e t e r s   a r e   t h o s e   i n  table 11. The 
maximum g a i n  w i l l  occur  on t h e   t u b e   c e n t e r l i n e  on   which   the   k ine t ic   equa t ions  are t o  
b e   s o l v e d .   D i f f u s i o n   e f f e c t s   a r e   i g n o r e d   e x c e p t   f o r   d i f f u s i o n   o f   t h e   i o d i n e   a t o m s   t o  
the   i nne r   wa l l ,   where   t hey  are assumed t o  have a s t i c k i n g   f a c t o r  of   un i ty   ( re f .  5 4 ) .  

The R I  molecule   photodissoc ia tes  a t  a r a t e  t o  form R and I*. The h o t  
r a d i c a l  R is assumed to c o l l i d e   w i t h   t h e  R I  molecule t o  form  dimer R 2  and  ground- 
s t a t e   i o d i n e   w i t h  rate c o e f f i c i e n t  K4. The R I  i s  reformed by recombination  with I o r  
I* as d e p i c t e d   i n  

where  brackets  around a chemica l   spec ies   denote  i t s  dens i ty .   No te ,   t h i s  is  an 
a p p r o x i m a t e   r e p r e s e n t a t i o n   f o r   h o t   r a d i c a l   r e a c t i o n .  The source  of t h e   f r e e   r a d i c a l  
R is pho tod i s soc ia t ion  of R I .  Losses  occur  through  recombination  of R with R ,  I ,  o r  
I*. Addit ional  loss o c c u r s   t h r o u g h   h o t   r a d i c a l   r e a c t i o n  

The dimer i s  formed by r a d i c a l   r e c o m b i n a t i o n   o r   h o t   r a d i c a l   r e a c t i o n  

The iodine  molecule  i s  formed  through  three-body  recombination of iod ine  atoms 
and metastables .  The metastables  do  not  recombine  because  of  mutual  repulsion. The 
iod ine   mo lecu le s   a r e   l o s t   t h rough   pho tod i s soc ia t ion .  The r a t e  of  change of iod ine  
molecules is  given by 

The iod ine   metas tab le  i s  formed  through  photodissociat ion  of  R I  and 1 2 -  I t  is  l o s t  
mainly  through  recombination  with R .  Slower loss processes   include  three-body recom- 
binat ion  with  iodine  a toms  and  quenching  with RI and I2 molecules.   Further loss 
o c c u r s   t h r o u g h   r a d i a t i v e   d e c a y   a n d   d i f f u s i o n   t o   t h e   c e l l   w a l l .  The r e s u l t a n t   r a t e  
equa t ion   fo r   me tas t ab le   dens i ty  i s  

- Q, [I*] [ R I I  - Q 2 [ I * I  [I2] - A [ I * ]  - - [I*] 
7 D 
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Ground-state  iodine  atoms are produced  through  photodissociat ion  of  12, quenching, 
and   rad ia t ive   decay   of   iod ine   metas tab le .  A smal l   source  i s  h o t   r a d i c a l   r e a c t i o n  
w i t h  R I .  Losses  are  mainly  through R + I recombination,  and smaller los ses   appea r  
through  three-body  recombinat ion  and  diffusion  to   the ce l l  wal l .  The t o t a l   a t o m i c  
iodine  change i n  t i m e  is  given by 

- 2 C 4 [ I I  2 [ I2]  - K 2 [ R I  [ I]  - I1 
D 

( 4 7 )  

C o n s i d e r   t h e   i n i t i a l   i l l u m i n a t i o n   o f   t h e   l a s a n t   g a s ,   f o r   w h i c h   a l l   o t h e r   c o n -  
s t i t u e n t   d e n s i t i e s   a r e   i n i t i a l l y   z e r o .  The most   impor tan t   p rocesses   a re  

R I  + hv + R + I* 

R + I* + R I  

and t o  a l e s s e r   e x t e n t  

I* + R I  + I + R I  

a n d   d i f f u s i o n   a t  low p res su res .  To a  good approximation,   the  R and I* d e n s i t i e s   a r e  
equa l ,  so equat ion  ( 4 6 )  becomes 

the   so lu t ion   o f   wh ich  i s  given by 

A2 - T 
2K 

-2 
[I"] = 

1 - e=( -At )  

1 A + T + ( A  - z ) exp(-At)  
-1 -1 

( 4 9 )  
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where 

and 

'G = Q, [RI] + rD1 -1  

It  i s  clear t h a t   t h e   i n v e r s i o n   d e n s i t y  i s  c l o s e l y   r e l a t e d  t o  t h e  ra te  c o e f f i c i e n t s  
K~ and Q~ a n d   t o   t h e   d i f f u s i o n   c o n s t a n t  'GD' 

The time c o n s t a n t   a s s o c i a t e d   w i t h   r e a c h i n g   s t e a d y  s ta te  i s  found  from  equa- 
t i o n   ( 5 0 )   t o  be 

where C i s  t h e   s o l a r   c o n c e n t r a t i o n ,   a n d  p is  t h e   a l k y l   i o d i d e   p r e s s u r e   i n   t o r r .  
I n   a c t u a l  practice, t h e   l i g h t   i n p u t  i s  modulated by a chopper   fo r   wh ich   t he  rise time 
i s  on t h e   o r d e r   o f  a f e w  mi l l i seconds .   (See   f ig .  8. ) The e f f e c t i v e  time c o n s t a n t  i s  
then  extended  f rom  the  value  in   equat ion  (52)   by  the  amount  

-1 100 
A =  

where f ( t )  i s  the   l igh t   modula t ion   func t ion ,   which  i s  i n i t i a l l y   z e r o   a n d   w h i c h  
rises t o   u n i t y   i n   ~ 2 . 5  msec. ?he s o l u t i o n  i s  more a c c u r a t e l y   g i v e n  by 

A - 7 1 - exp(-At/3) 

2K1 
1 + exp( -3AC)- 

- 1  
[ I * ]  = - 

(53)  

where A i s  time dependent   according t o  equat ion   (53) .  
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Time,  msec 

- Calculated 

0 Experiment 

Figure  8.- Liqht   in tens i ty   modula t ion   func t ion   used   in   model   compared  
wi th   l igh t   measurements   for   chopper   used   in   exper iments .  

In  most c a s e s   o f   i n t e r e s t ,   t h r e s h o l d  i s  reached i n  a f r a c t i o n   o f  a mi l l i second,  
f o r  which  equat ion  (54)  is  f a r   f r o m  i t s  s t eady- s t a t e   va lue ,  so  tha t   expans ion   of  
equa t ion   (54 )   fo r   sma l l   va lues   o f  A t  y i e l d s  

a s   o n e  would expect on   observ ing   equat ion   (48) .   In   equa t ion   (551 ,  tc i s  t h e  r i se  
time of the   chopper   modula t ion   func t ion  (tc - 2 msec). ?he r e l a t i o n   o f   t h e   I *   d e n -  
s i t y   t o   t h e  pump s o u r c e   y i e l d s   t h e  spa t i a l  d e p e n d e n c e   o f   t h e   i n v e r s i o n   d e n s i t y   f o r  
w h i c h   t h e   a v e r a g e   g a i n   o v e r   t h e   t u b e   l e n g t h  may be found. 

MAXIMUM G A I N  

The e q u a t i o n s  of p h o t o l y s i s  a re  in t eg ra t ed   numer i ca l ly  a t  t h e   m o s t   i n t e n s e   - p o s i -  
t i o n  of t h e   l i g h t   s o u r c e .  The pump l i g h t  i s  modulated  by  the  mechanical  chopper 
accord ing  t o  a modulat ion  funct ion  which rises i n  2.5 mec, h o l d s   n e a r   u n i t y   f o r  
4 mec, a n d   d e c l i n e s   o v e r   t h e   n e x t  2.5 msec. The maximum g a i n   o c c u r s   o n   t h e  
3-4 t r a n s i t i o n   b e c a u s e   o f   t h e   h i g h   p o p u l a t i o n   i n   t h e  F = 3 u p p e r   l e v e l  (eq. ( 2 1 )  
a n d   t h e   h i g h   t r a n s i t i o n  r a t e  t o  t h e  F = 4 lower l e v e l  ( table  1x1. In  accordance 

29 



w i t h   t h e   d e f i n i t i o n s   o f  Fuss and  Hohla  (ref.  S O ) ,  t h e   g a i n   c o e f f i c i e n t   f o r   t h e  3-4 
t r a n s i t i o n  i s  t aken  as 

FF’ 

G34 - - 

where   t he   t o t a l   popu la t ion   i nve r s ion   be tween  P , /2  and p3/2 i s  

A I  = [I*] - - [I1 
2 

(56)  

( 5 7 )  

a n d   t h e   r a t i o   g 3 / ( q 2  + g3)  i s  the  approximate  f ract ion  of   the  inversion  which  con-  
t r i b u t e s   t o   t h e  3-4 t r a n s i t i o n   ( r e f .  5 0 ) .  The s t i m u l a t e d   e m i s s i o n   c r o s s   s e c t i o n  i s  
then   t aken  as 

The i n d i v i d u a l   v a l u e s  of oFFl ( v ~ ~ )  are e v a l u a t e d   u s i n g   e q u a t i o n  ( 3 1 ) .  ‘Ihe inve r -  
s i o n  varies a l o n g   t h e   a x i s   o f   t h e   t u b e   i n   a p p r o x i m a t e   p r o p o r t i o n   t o   t h e   i l l u m i n a t i o n  
by t h e   a r c  image.  (See eqs. (4) and ( 5 5 ) . )  The t o t a l   r o u n d - t r i p   a m p l i f i c a t i o n   o f  
t h e   g a s  on t h e   a x i s  of t h e   t u b e  i s  then  

G I  = e x p l  [I G34 exp[2L17’2) 

which  must   balance  the  losses  a t  t h e   t u b e  windows and   end   mi r ro r s   (w i th   e f f ec t ive  
r e f l e c t a n c e s  R1 and R 2 )  a s  
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The inve r s ion   dens i ty  AI depends   ma in ly   on   t he   k ine t i c   coe f f i c i en t s  K1 and Q1 
a n d   t h e   d i f f u s i o n   c o e f f i c i e n t   f o r   I *   i n  R I  as s e e n   i n   e q u a t i o n s  (49)  t o  ( 5 1 ) .  The 
s t imu la t ed   emis s ion   c ros s   s ec t ion   depends  on the   p re s su re -b roaden ing   coe f f i c i en t  
a . These  parameters w i l l  now be  invest igated  f rom  the  point   of   view of t h re sho ld  
measurements on solar-s imulator-pumped  lasers .  1 

COMPARISON W I T H  EXPERIMENTAL RESULTS 

Threshold was i n v e s t i g a t e d   e x p e r i m e n t a l l y   w i t h   t h e   s e t u p   d e p i c t e d  i n  f i g u r e  1. 
Before   each   exper imenta l   run ,   the   l aser   tube  was e v a c u a t e d   t o  = I O m 6  t o r r  and f i l l e d  
w i t h   p u r i f i e d   l a s a n t   g a s  (n-C3F71)  through a copper   gas-handl ing  system.  Pr ior   to  
u s e   i n   e x p e r i m e n t s ,   t h e   l a s a n t  w a s  p u r i f i e d  by d i s t i l l a t i o n .  Because  of  the  temporal 
o s c i l l a t i o n s  o f   t h e   a r c   l i g h t   s o u r c e ,  many experimental   runs  were  general ly  made a t  
each f i l l   p r e s s u r e   i n   a n   a t t e m p t   t o   i d e n t i f y   i d e a l   e x p o s u r e   c o n d i t i o n s .  The i d e n t i -  
f i c a t i o n  of maximum  pump r a t e  was made by p l ac ing   t h re sho ld   measu remen t s   a t   e ach  
p r e s s u r e   i n t o  a sequence  of  decreasing  values,   which  should  provide a sequence  which 
approaches  the model  from  above.  Threshold was i d e n t i f i e d  by the  beginning of t h e  
f i r s t   l a s e r   p u l s e  and  recorded as t h e   f r a c t i o n   o f   t h e   p e a k   l i g h t   i n t e n s i t y   o f   t h e  
so l a r - s imula to r   ou tpu t   pu l se .  Note t h a t   t h e   t h r e s h o l d   c o n d i t i o n   e x p r e s s e d   i n   t h i s  
way depends  on  the  chopper  geometry  and  speed,  since  threshold i s  achieved   before   the  
p h o t o l y s i s   e s t a b l i s h e s   e q u i l i b r i u m   w i t h   t h e   s o l a r - s i m u l a t o r   l i g h t   s o u r c e .   B e f o r e   a n  
a t t e m p t   t o  compare t h e  model  with  the  experiments was made, t h e   s e n s i t i v i t y   o f  
t h r e s h o l d   t o   t h e   c o e f f i c i e n t s  K1, Q1, and a1 was determined. First, t h e   k i n e t i c  
equat ions   were   in tegra ted   numer ica l ly  by us ing   t he  mean va lues  of a l l   c o e f f i c i e n t s  
shown i n  t a b l e  V I I .  The t h r e s h o l d   a s  a func t ion   o f   p re s su re   fo r   t he  mean values   of  
parameters  i s  shown i n  f i g u r e  9 as   the   lower   curve .  Then each of t h e  

c m 
L 
a, 

B 
f 
CL 

n 

Lasant pressure, torr 

Figure 9.- Mean t h r e s h o l d   a n d   t h r e s h o l d   s e n s i t i v i t y   t o   e x p e r i m e n t a l   u n c e r t a i n t y  
i n  s p e c i f i c  rate coe f f i c i en t s   and   p re s su re   b roaden ing .  
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parameters K1 , Q1, and a1 w a s  allowed t o   t a k e  i t s  maximum v a l u e   s p e c i f i e d   i n  
t a b l e  V I 1  one a t  a time t o  d e t e r m i n e   t h e   s e n s i t i v i t y  of th re sho ld   t o   each .   These  
r e s u l t s  are  shown i n   f i g u r e  9. It i s  s e e n   t h a t  K1 a f f e c t s   t h e   t h r e s h o l d   a l m o s t  
e q u a l l y  a t  a l l  p re s su res .  Q, causes  l i t t l e  e f f e c t  below 5 t o r r   b u t  a ve ry   l a rge  
e f f e c t  a t  60 torr. The p res su re -b roaden ing   coe f f i c i en t  a l  shows a s l i g h t   e f f e c t  a t  
low p r e s s u r e   a n d   g r e a t e r   e f f e c t   w i t h   i n c r e a s i n g   p r e s s u r e .   P a r a m e t e r s  were s o  chosen 
as to   p rovide   the   mos t   reasonable   agreement   wi th   exper iments   f rom  the   th ree   conic  
c o l l e c t o r s .   R e s u l t s  are shown i n   f i g u r e s  10, 11,  and 12. The c a l i b r a t i o n  shown i n  
f i g u r e  2 f o r   t h e   c o n e   w i t h  a 23 .6-cm-diameter   aper ture   resu l t s   in  c o 6  = 618,  which 
compares  with a more r e c e n t   c a l i b r a t i o n  on  July 31,  1981,  which y i e lded  C o f i  = 540. 
The r e s u l t s  shown i n   f i g u r e  1 2  are c a l c u l a t e d   f o r   t h e   J u l y  31,  1981, c a l i b r a t i o n .  
Tne f i n a l   v a l u e s   u s e d  were 

K = 2.0 X 10 c m  / sec  
-12  3 

1 

Q, = 8.4 x 10 c m  /sec 
-16 3 

a = 17.6  MHz/torr 
1 

It i s  n o t e d   t h a t  Q1 and a1 are similar i n   t h e i r  e f f e c t  on threshold .  Tfie h igh  
v a l u e s  of Q1 used   he re  may be  caused by gas   impur i ty .   These   r e su l t s  are summarized 
i n   t a b l e  X I  a l o n g   w i t h   r e s u l t s  of the   p rev ious   ana lys i s   o f   the   so la r -s imula tor -pumped 
i o d i n e  laser experiments (ref.  4 ) .  

LL 

m 
I 

0 Experiment 
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Lasant  pressure, t o r r  

. l l . . l r l . . . l l r . . l l . . . .  

40.0 50.0 f 

F igure  10.-   Comparison  between  theoret ical   and  experimental   threshold  for  
cone  with  9.6-crn-diameter  aperture. 
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Figure 1 1  .- Comparison  between t h e o r e t i c a l   a n d   e x p e r i m e n t a l   t h r e s h o l d   f o r  
cone  with  16.6-cm-diameter  aperture.  

Lasant  pressure, torr 

Figure 12.- Comparison  between theo re t i ca l   and   expe r imen ta l   t h re sho ld   fo r   cone  
with  23.6-cm-diameter  aperture.  
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TABLE X I . -  I O D I N E  LASER  KINETIC  RATE  COEFFICIENTS ACCORDING TO 
ANALYSIS OF SOLAR-SIMULATOR  EXPERIMENTS  WITH n-C3F71 

r The factor i n   p a r e n t h e s e s   g i v e s   t h e   u n c e r t a i n t y  limits1 
a s s o c i a t e d   w i t h   t h e   c o e f f i c i e n t  I 

L 

C o e f f i c i e n t  

K ~ ,  crn3/sec .. .. . . 
K ~ ,  cm3/sec . . .. . . 
K ~ ,  cm3/sec . . . . . . 
K ~ ,  Cm'/sec . . . . . . 
Q ~ ,  cm3/sec .. . . .. 
Q ~ ,  cm3/sec . . . . . . 
c l ,  cm6/sec . . .. . . 
c2, cm'/sec . . . . . . 
c3, cm6/sec . . .. . . 
c4, cm6/sec . . . . . . 
a MHz/torr . .... 

~~~. ~ 

1 '  
~~~~~ 

From table V I 1  or X 

5.6 X 10-13  (6.2)*' 

2.3 x 10"l (3.5)*' 

2.6 x (4)*' 

3 x 10-16 

2.0 X (4.2)*l 

1.9 X IO-" (2.6)" 

3.2 X (3.2)'l 

8.5 X  IO-^^ (5.3)k1 

8 x (1.8)*'  

3.8 X ( l .3)* '  

14.8 & 4 
" . 

CONCLUDING REMARKS 

S o l a r   s i m u l a t o r  
. 

2.0 x 10'12 

4.3 x 10-11  (1.9)*7 

8.4 X 

3.1 x (1.6)*' 

A d e t a i l e d  model of t h e   c h e m i c a l   k i n e t i c s   o f   t h e  n-C3F71 solar-simulator-pumped ' 

i o d i n e  laser is  u t i l i z e d   t o   s t u d y   t h e  major k i n e t i c  processes a s s o c i a t e d   w i t h   t h e  
th re sho ld   behav io r   o f   t h i s   expe r imen ta l   sys t em.   Exc i t ed - s t a t e   d i f fus ion  t o  t h e  c e l l  
w a l l  i s  the   dominan t   l imi t ing  factor  below 5 torr. Exci ted-s ta te   recombinat ion  with 
t h e   a l k y l   r a d i c a l  ( R )  and  quenching by t h e   p a r e n t   g a s   c o n t r o l   t h r e s h o l d  a t  h i g h e r  
p r e s s u r e s .   T r e a t m e n t   o f   t h e   h y p e r f i n e   s p l i t t i n g   a n d   u n c e r t a i n t y   i n   t h e   p r e s s u r e  
broadening are i m p o r t a n t   f a c t o r s   i n   f i x i n g   t h e   t h r e s h o l d  level. 

The t rends   o f   the   exper imenta l   th reshold   measurements  are w e l l  r e p r e s e n t e d  by 
t h e   p r e s e n t  model. Even t h e   s c a l i n g   w i t h  respect t o  p e a k   l i g h t   i n p u t   i n t e n s i t y   a n d  
g a i n   l e n g t h   f o r   t h e   t h r e e   c o n i c  collectors i s  q u i t e   c o n s i s t e n t .  The f i n a l   v a l u e  of 
the   recombina t ion  ra te  f o r  

I* + R + R I  

i s  o n   t h e   h i g h   s i d e   o f   t h e   r e s u l t s   r e p o r t e d  by most   other   workers .  Compared w i t h  
va lues  fo r  i-C3F7 recombinat ion,   our   value is s l i g h t l y  smaller t h a n   t h e   r e c e n t   v a l u e  
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of  Ershov e t  al. ( S o v i e t  J. Quantum Electron. ,   vol .  8, no. 4, 1978)   bu t  3 times 
larger   than  Skorobogatov  and  Slesar   (Vestn.   Leningr .  Univ. Fiz.  Khim. , vol .  4, no. 1 , 
1979).  The metastable quenching r a t e  i s  q u i t e   h i g h   a n d  may be   ind ica t ive   o f   contami-  
na t ion   o f   t he   pa ren t   gas .  The f i n a l   v a l u e  of t h e   p r e s s u r e - b r o a d e n i n g   c o e f f i c i e n t  i s  
l a r g e  compared wi th   o the r s .   The re  is  some dependence  of  pressure  broadening  and 
quench ing   coe f f i c i en t  so  t h e y   c a n ,   t o  some degree ,  be t r a d e d   o f f   w i t h o u t   a f f e c t i n g  
t h r e s h o l d   i n   t h e  model. I f   t h e   g a s  is  s u f f i c i e n t l y   c o n t a m i n a t e d ,   t h e n   p r e s s u r e  
broadening may be less than   i nd ica t ed .  

The p r e s e n t   c o m p i l a t i o n   o f   d a t a   i n d i c a t e s   t h a t   t h e   i s o p r o p y l   f o r m   o f   t h e   a l k y l  
iodide  should  have a lower t h r e s h o l d   b e c a u s e   o f   t h e   l a r g e r   p h o t o d i s s o c i a t i o n  rates 
and slower recombination  and  quenching rates. It would be i n t e r e s t i n g   t o  make such a 
comparison.   Final ly ,   experiments   in   which bet ter  c o n t r o l   o v e r   e x p e r i m e n t a l   l i g h t  
i npu t   and   gas   con tamina t ion   e f f ec t s  would   be   usefu l   in   reso lv ing   d i sagreement  among 
var ious   exper imenters   on   the   recombina t ion   and   quenching  rates. 

Langley  Research  Center 
Nat ional   Aeronaut ics   and  Space  Adminis t ra t ion 
Hampton, VA 23665 
December 12 ,  1983 
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